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How do cells maintain the fluidity of cellular membrane in response to temperature fluctuation?
In this issue of Cell, Ma et al. identify a regulatory circuit involving a heat-induced acyl-CoA dehy-
drogenase that controls the lipid saturation level and the fluidity of cellularmembranes by transcrip-
tionally regulating a lipid desaturase.The fluidity of the lipid bilayer is essential
for the normal function of the cellular
membrane, which relies heavily upon
dynamic interactions between its lipid
and protein components. Membranes
become more fluid when either the tem-
perature or the unsaturated lipid content
increases. Tomaintain optimal membrane
fluidity under changing temperature con-
ditions, cells regulate the expression of
lipid desaturases, which provide a crucial
balance between saturated and unsatu-
rated membrane lipids. This adaptive pro-
cess was first identified in bacteria and
is known as homeoviscous adaptation
(HVA) (Sinensky, 1974). Cold-induced
HVA is a phenomenon common to almost
all poikilothermic organisms, ranging
from bacteria (Sinensky, 1974) to higher
animals (Murray et al., 2007; Svensk
et al., 2013; Tiku et al., 1996), but how
cells respond to heat exposure to
maintain membrane fluidity has been un-
clear. Now, Ma et al. uncover a heat-
induced HVA response in the nematode
C. elegans and identify its underlying reg-
ulatory mechanism (Ma et al., 2015).
In C. elegans, cold-induced lipid desa-
turation is executed mainly by the
stearoyl-CoA desaturase FAT-7 (Murray
et al., 2007; Van Gilst et al., 2005). Fat-7
expression is induced upon cold chal-
lenge, with an accompanying increase in
unsaturated lipid content (Murray et al.,
2007), while loss of fat-7 dramatically re-
duces unsaturated lipid levels (Van Gilst
et al., 2005). Other key components of
the pathway include the nuclear hormone
receptor NHR-49, which regulates fat-7
expression (Van Gilst et al., 2005), and
PAQR-2, the worm homolog of the
mammalian adiponectin receptor, which962 Cell 161, May 21, 2015 ª2015 Elsevier Infunctions upstream of NHR-49 (Svensk
et al., 2013; Svensson et al., 2011)
(Figure 1). However, in addition to re-
sponding to cold, cells must also regu-
late membrane fluidity in response to
heat, and how they do this was largely
unknown.
Robert Horvitz and his team now
show that the acyl-CoA dehydrogenase
ACDH-11 is a key mediator of the heat-
induced HVA response (Ma et al., 2015)
(Figure 1). Members of the ACDH protein
family are typically involved in lipid meta-
bolism, but in a genetic screen for genes
that suppress cold adaptation mutants,
the authors identify acdh-11 and show
that its expression is induced by heat
exposure and is accompanied by a dra-
matic reduction in fat-7 expression.
Loss-of-function mutations in acdh-11
lead to developmental failure at high tem-
perature, along with higher fat-7 expres-
sion, reduced saturated fatty acid levels,
and increased membrane fluidity. These
heat-induced defects likely result from
FAT-7-induced membrane disintegration,
since they can be rescued with the mem-
brane-rigidifying chemical DMSO or by
reduction of fat-7 expression.
Howmight ACDH-11 be regulating heat
adaptation? In carrying out structural
analysis, the authors found that ACDH-
11 protein crystals formed with C11
acyl-CoA (C11-CoA) bound, without
requiring exogenous addition of the fatty
acid, suggesting that it tightly sequesters
its ligand. Indeed, analysis of the crystal
structure revealed that C11-CoA is buried
in a deep binding pocket of ACDH-11 and
forms numerous hydrogen bonds with the
protein. Biochemical binding of fatty acids
by ACDH-11 is highly selective, with thec.highest affinity seen for those with chain
lengths between C10 and C12. Notably,
treatment with C11/12 fatty acids can it-
self induce fat-7 expression, indicating
that the binding between ACDH-11 and
C11/12-CoA is important for the ACDH-
11-mediated reduction of fat-7. In addi-
tion, knockdown of nhr-49 completely
abolishes the induction of fat-7 by acdh-
11mutations and C11/12 treatment, sug-
gesting that ACDH-11 and C11/12 fatty
acids function through NHR-49 in regu-
lating fat-7.
The authors propose that ACDH-11
functions in heat adaptation by seques-
tering C11/C12 fatty acids, possibly from
NHR-49, thereby preventing its activation
of fat-7. The strong and selective binding
of C11/12 fatty acids by ACDH-11 and
the genetic data presented in the paper
are compelling. However, further work
will be needed to understand the molecu-
lar mechanism by which ACDH-11 and
C11/12 fatty acids regulate the activity of
NHR-49. For instance, although NHR-49
is structurally similar to HNF4a and func-
tionally similar to PPARa in mammals,
these appear to be activated by long-
chain, but not medium-chain, fatty acids
or their derivatives (Mullican et al., 2013).
Additionally, it remains unclear how high
temperature induces the expression of
acdh-11. A possible mechanism could
involve the heat-shock transcription fac-
tor HSF-1, which has been shown to
bind and regulate lipid metabolism genes
in humans (Mendillo et al., 2012).
ACDH-11 is evolutionarily conserved,
with ACADVL (very long-chain spe-
cific acyl-CoA dehydrogenase) as the
mammalian homolog, raising the possibil-
ity that the heat adaptation mechanism
Figure 1. Cold- and Heat-Induced Homeoviscous Adaptation in C. elegans
In low temperature, PAQR-2mediates cold-induced signaling throughNHR-49 to induce the expression of
FAT-7, which increases unsaturated lipid contents in cellular membrane and offsets the cold-induced
reduction in membrane fluidity. Heat induces the expression of ACDH-11, which sequesters intracellular
C11/12 fatty acids and reduces NHR-49-regulated FAT-7 expression. This leads to reduced unsaturated
lipid contents and offsets the heat-induced increase in membrane fluidity.described here in worms functions more
broadly. Interestingly, humans with muta-
tions in ACDH genes not only experience
metabolic symptoms, but are also prone
to hyperthermia, suggesting a possible
link to temperature adaptation. However,
mammalian ACADVL is known to bind
to and catalyze the dehydrogenation of
long-chain and very long-chain acyl-
CoAs, and minimal activity has been
observed on substrates with fewer than
12 carbons (Izai et al., 1992). Thus, it is stillnot clear whether heat-induced activation
of acyl-CoA dehydrogenase and the cor-
responding reduction of stearoyl-CoA de-
saturase function in mammals, which are
homeothermic in nature. However, even
if this particular function of ACADVL is
not conserved, sequestering of fatty acids
by acyl-CoA dehydrogenases in general
could provide an interesting evolutionarily
conserved mechanism for regulating fatty
acid signaling and lipid metabolism,
which could be mediated by transcriptionCellfactors that are responsive to intracellular
fatty acids and their derivatives. Ulti-
mately, identifying such a mechanism
could open new doors in developing novel
therapeutics against metabolic diseases.
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